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1.  INTRODUCTION
Migration is a behavioural adaptation that occurs
in many animal taxa, enabling individuals to use the
best-suited habitat during different life stages and
seasons and thereby leading to an increase in indi-
vidual fitness (Lucas & Baras 2001, Dingle & Drake
2007). Partial migration, where only a fraction of the
individuals in a population perform migrations, is
common, and the balance between the costs and
benefits of migration versus residency is thought to
affect the tendency to migrate (Chapman et al. 2012,
Sahashi & Morita 2018). Salmonid fish spawn in fresh
water, but in many of the species, some or all individ-
uals perform migrations to use the richer feeding
resources at sea (Gross et al. 1988). Among sal -
monids, brown trout Salmo trutta is an especially
adaptable and flexible species, showing considerable
life-history variation within and among populations
(Klemetsen et al. 2003), including partial migration.
For sea trout (i.e. the anadromous form of brown
trout), the advantages of marine migration include
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ABSTRACT: Brown trout Salmo trutta (L.) is a facultative anadromous species, where a portion of
individuals in populations with access to the sea perform migrations to use the richer feeding
resources. We investigated the effect of salmon lice Lepeophtheirus salmonis (Krøyer 1837) infes-
tation on the survival and behaviour of wild trout post-smolts (average fork length = 180 mm) dur-
ing their marine migration. Comparisons of the marine migratory behaviour were made between
an artificially infested group (n = 74) and a control group (n = 71) in an area with low natural lice
infestation pressure. Artificial infestation was estimated to cause 100% prevalence and a mean
intensity of 65 lice fish−1 (mean relative intensity of 2.4 lice g−1 fish). Survival analysis showed lim-
ited statistical power but revealed lice-induced mortality, with an estimated hazard ratio of 2.73
(95% CI = 1.04−7.13) compared to the control group, when data from a previous pilot study were
included. Surviving individuals in the infested group additionally responded by residing closer to
fresh water while at sea, and by prematurely returning to fresh water. On average, infested fish
returned to fresh water after only 18 d at sea, while control fish spent on average 100 d at sea. The
residency in the inner part of the fjord and the premature return to fresh water represent an adap-
tive behavioural response to survive the infestation, at the probable cost of reduced growth oppor-
tunities and compromised future fitness.
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the opportunity to access more food, which in turn
enhances growth and fecundity. On the other hand,
costs may be related to increased predation risk and
physiological adjustment to different salinities. The
balance of costs and benefits associated with fresh-
water residency and anadromy may result in differ-
ent life-history strategies coexisting within the same
water system (Jonsson & Jonsson 1993, 2006, Fergu-
son 2006). Females tend to adopt the anadromous
life-history strategy more than males (Jensen 1968,
Pratten & Shearer 1983, Euzenat et al. 1999, Knutsen
et al. 2004), arguably because females have more to
gain by increasing body size in terms of higher
fecundity (Thorstad et al. 2016). Anthropogenic
impacts that reduce the benefits or increase the costs
of migration may result in selection against migra-
tion, altered life-history traits, reduced body size of
individuals and reduced recruitment on a population
level (Chapman et al. 2012, Shaw 2016). Studies of
how human activities influence animals during their
migration are therefore necessary to evaluate conse-
quences for wildlife and biodiversity, both at the indi-
vidual and population levels, and for the considera-
tion of management measures.
Atlantic salmon Salmo salar (L.) farming has
become a large industry, negatively impacting wild
salmonids through the occurrence of farmed salmon
escapees and the spread of salmon lice Lepeoph-
theirus salmonis (Krøyer,1837) and infectious dis-
eases (Taranger et al. 2015, Forseth et al. 2017).
Salmon lice are marine parasites that occur naturally
on wild salmonids, but salmon farming has increased
the number of potential hosts for lice in coastal areas,
resulting in an increased infestation pressure on wild
salmonids (Heuch & Mo 2001, Krkošek et al. 2005,
Jansen et al. 2012). Sea trout are particularly at risk
of experiencing unnaturally high infestation rates as
a result of salmon farming, because they typically
remain inside the fjords or in coastal waters during
their entire marine migration, where most salmon
farms are situated. 
Salmon lice are ectoparasites that feed on the
mucus, skin, muscle and blood of the host fish, caus-
ing tissue erosion, osmoregulatory dysfunction, phys-
iological stress, reduced feeding and growth, and
increased mortality (Birkeland & Jakobsen 1997,
Bjørn & Finstad 1997, Dawson 1998, Bjørn et al. 2001,
Wells et al. 2006). Salmon lice-induced stress
responses and mortality have been documented for
both hatchery-reared and wild trout post-smolts
under laboratory conditions (Bjørn & Finstad 1997,
1998, Wells et al. 2006, 2007). Equivalent physiologi-
cal disturbances, including an integrated stress re -
sponse and osmoregulatory disfunctions, have been
shown on free-swimming wild trout post-smolts both
feeding at sea and prematurely returned to fresh
water (Poole et al. 2000, Bjørn et al. 2001). Based on
threshold levels shown to induce mortality in labora-
tory experiments, wild trout carrying potentially
deadly lice loads are at times reported in Scotland,
Ireland and Norway (Thorstad et al. 2015). However,
conclusive results from field experiments are still
scarce, and quantitative knowledge on the effects of
lice on sea trout in their natural habitat is still limited.
Moreover, free-ranging sea trout have the capacity to
modify their behaviour to mitigate physiological
stress and osmoregulatory dysfunction by prema-
turely returning to fresh water (Birkeland 1996, Bjørn
et al. 2001, Gjelland et al. 2014). This would enable
infested fish to regain osmotic balance and increase
chance of survival at the probable cost of reduced
growth.
Knowledge of the impacts of lice on trout is exten-
sive, but field studies on wild fish that examine pop-
ulation-level effects are still needed (Thorstad et al.
2015). Disentangling the relative role of lice from
other factors impacting mortality and fitness of wild
fish in nature is challenging. Population-level effects
have been quantified in Atlantic salmon in large-
scale field studies by comparing the survival of fish
chemically protected against lice to that of untreated
control fish (Gargan et al. 2012, Vollset et al. 2014).
Few such studies have been performed on trout
(Skaala et al. 2014). These studies have primarily
relied on the natural lice infestation level in the study
area, which can be highly variable in intensively
farmed areas (Serra-Llinares et al. 2014, 2016, Hel-
land et al. 2015). This, in combination with the typi-
cally skewed distribution of lice among individuals
and the limitations of the prophylactic treatment,
make it difficult to deduce the actual infestation level
of the experimental fish. An alternative approach is
to compare artificially infested fish with non-infested
control fish in a farm-free area with low natural lice
levels. This approach does not rely on the limited
duration of the effect from the prophylactic drug and
allows for better control of the levels of lice on the
studied fish. Moreover, other secondary effects asso-
ciated with the treatment are not expected. Serra-
Llinares et al. (2018) performed a pilot study to test
this new method using wild trout post-smolts (n = 29)
caught in bag nets shortly after they entered the sea
in Sandnesfjord, southern Norway. The authors con-
cluded that, despite limitations in the statistical
power rendered by the study, results indicated con-
sistent trends in behavioural differences between
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control and artificially infested fish, suggesting that
this shift in method (i.e. using artificial infestation
instead of prophylaxis) is a promising novel approach
to study impacts from lice on wild free-swimming sea
trout. Furthermore, the authors made recommenda-
tions on how to increase the power of an eventual fol-
low-up study by (1) increasing the number of individ-
uals tagged, (2) capturing the fish before they enter
the sea, to ensure lice-free individuals and (3) ex -
panding the spatial/temporal coverage of the study
by use, for instance, of a combination of acoustic tele -
metry and PIT-tagging. This approach with suggested
improvements is followed up in the present study.
Here, we used acoustic telemetry methods to in -
vestigate the survival and habitat use of wild trout
post-smolts during their marine migration in an area
without fish farms and with a low lice infestation
pressure. The main aim was to study the impacts of
lice on (1) survival, (2) rate and timing of freshwater
returns and (3) migration behaviour (in terms of hor-
izontal and depth use of the fjord) by comparing the
movements of trout artificially infested with lice and
non-infested control fish. Fish in both groups were
tagged with acoustic transmitters with depth sensors,
enabling recording of both horizontal and vertical
fish movements. We hypothesized that (1) lice-
infested fish would have a lower survival probability
during the first summer at sea compared to control
fish; (2) infested fish would return to fresh water ear-
lier than control fish, to regain osmotic balance and
de-louse, and (3) infested fish would remain closer to
the river and/or swim higher up in the water column,
seeking areas/layers with lower salinity.
2.  MATERIALS AND METHODS
2.1.  Study area
The study was performed in Sandnesfjord, south-
ern Norway (58.6943° N, 9.1488° E, Fig. 1) from June
to November 2017. There is no salmon farming activ-
ity in this fjord, with the nearest active salmon farm
located more than 85 km (sea-way distance) away.
Consistently low lice levels were recorded on wild
sea trout in Sandnesfjord in the period 2010−2017,
with a mean prevalence of 30% (range 0−98%) and
a mean intensity of 2.5 lice per infested fish (range
1−13) (Karlsen et al. 2018).
The river Storelva flows into Sandnesfjord through
a transition area (Songevatn estuary and Nævestad-
fjord, Fig. 1). The salinity in Sandnesfjord is com-
monly above 20 psu, but the inner part can have a
shallow layer of fresh or more brackish water. The
transition area is characterized by a strong salinity
gradient, increasing from close to 0 psu at the sur-
face to over 30 psu at 50 m depth. In the upper 3 m,
salinity is commonly between 0 and 15 psu, depend-
ing on depth, freshwater supply and the hydrody-
namic properties of the coastal current (Tjomsland
& Kroglund 2010, Haraldstad et al. 2016).
Atlantic salmon and brown trout use the lowermost
20 km of the river Storelva as spawning and nursery
habitats. The catchment area is 409 km2, with an aver-
age annual water discharge of 12 m3 s−1 measured at
the outlet of Lake Lundevatn (Norwegian Water Re-
sources and Energy Directorate ID: 18.4.0, HYDRA
database NVE, www.nve.no/ hydrologi/ hydrologiske -
data/historiske-data/data-i-hydra-ii-databasen/).
The local trout population has been monitored for
several years. The smolts descend during April and
May, with an average annual total length ranging
from 150 − 190 mm (Haraldstad et al. 2017). Sea trout
in this system usually spend 2 growth seasons at sea
before first returning to the river (Haraldstad & Güt-
trup 2015). Annual sea survival from smolt to first-
time spawning ranges from 14−18%, while survival
from one spawning to another ranges from 30 − 60%
(Haraldstad et al. 2018). During a study by Olsen et al.
(2006), the age of the sea trout caught in the
Skagerrak coastal area, to which the Storelva catch-
ment belongs, between 1998 and 2003 ranged from
2−8 yr, with more females (64%) than males. The
average growth during the first season at sea is about
150 mm (K. Bleeker pers. comm.).
2.2.  Hydrographic conditions
Estimates of temperature and salinity to describe
the hydrographic properties in Sandnesfjord were
retrieved from a hydro-dynamical model simulation
using the Regional Ocean Modeling System (ROMS,
http://myroms. org; Shchepetkin & McWilliams 2005,
Haidvogel et al. 2008) applying 32 m × 32 m horizontal
resolution. The highest-resolution model was based
on a four-fold nested model system where the hori-
zontal grid was refined from 4 km (the operational
forecast model for the Nordic Seas provided by the
Norwegian Meteorological Institute and accessible
at http://thredds.met.no) to 800 m (see e.g. Albretsen
et al. 2011) and 160 m, all model systems using
ROMS. Tides were added to the boundaries of the
800 m model and interpolated from the global
TPXO7.2 (Egbert & Erofeeva 2002). Applications
eval uating and using 160 m model systems are
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described by Espeland et al. (2015) and Huserbråten
et al. (2018). The 800, 160 and 32 m models applied
high-resolution atmospheric forcing from the non-
hydrostatic 2.5 km AROME MetCoOp regional
atmospheric model (Müller et al. 2017) provided by
the Norwegian Meteorological Institute and accessi-
ble at http://thredds.met.no. The freshwater runoff
from Storelva was inputted in the model downstream
of the narrow strait of Lagstrømmen (the transition
zone denoted with a change from blue to white in
Fig. 1), and volume fluxes for all rivers applied in the
ROMS models were based on daily measurements
from the Norwegian Water Resources and Energy
Directorate.
2.3.  Fish tagging and artificial infestation
Wild trout post-smolts (n = 145; average ± SD fork
length [FL] = 180 ± 14 mm; range 155−226 mm)
were cap tured in a rotary screw fish trap located in
the river mouth (Haraldstad et al. 2017) (Fig. 1)
between 18 and 24 May 2017. A rotary screw trap is
a sampling gear that takes advantage of flowing
water to gently capture and retain downstream
migrating fish (Chaput & Jones 2004). The trap was
monitored once or twice a day, depending on cap-
ture rates. Captured fish were identified to species,
and trout post-smolts were held for a maximum of
48 h before further handling.
Early-stage lice are highly sensitive to fresh water
(Wright et al. 2016). Consequently, the fish were
transported by boat in a tank with oxygenated water
from the capture site in fresh water to the more saline
central fjord prior to tagging and artificial infestation
(Fig. 1). First, the fish were moved into a large tank
with circulating fjord water, where they could re -
cover and acclimatize for several hours prior to tag-
ging. The fish were then tagged with individually
coded acoustic tags with depth sensors produced by
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Thelma Biotel (model ADT-LP-7.3, size: 22 × 7.3 mm;
1.1 g in water; depth sensor with 0.2 m resolution and
maximum depth of 51 m, random pulse repetition
intervals of 30−90 s; typical battery life of 5 mo). We
anaesthetized the fish by a 3 min immersion in an
aqueous solution of benzocaine (0.1−0.2 ml Ben-
zoak® l−1). We then made a small incision on the ven-
tral surface posterior to the pelvic girdle, through
which we inserted the acoustic transmitter. Addition-
ally, a PIT tag (23 mm, half duplex, Oregon RFID)
was also inserted into the body cavity via the same
incision, which was closed using a single silk suture
(4/0 Ethicon). After tagging, the fish were randomly
assigned to 1 of 2 groups: a control group (n = 71,
average ± SD FL: 181 ± 14 mm; range 156−220 mm)
or an infestation group (n = 74, FL: 180 ± 14 mm;
range 155−226 mm) and placed into a small net-pen
at sea with 2 separated compartments for a recovery
period prior to infestation (1−5 d).
Salmon lice copepodids (‘LsGulen’ family, 30/31
generation in the laboratory) used for artificial infesta-
tion were provided by the Institute of Marine Research
in Bergen. Approximately 35 000 copepodids were
collected in the laboratory and sent to the field site in
Sandnesfjord. Incubation and quantitative assessment
were performed as described by Hamre et al. (2009).
For artificial infestation, all fish in the infested
group were placed in an infestation tank (1 × 1 × 0.8 m
fibreglass tank) with circulating fjord water (13°C,
25 psu), where they were exposed to approximately
200 copepodids each (i.e. approximately 14 800 cope-
podids were added to the infestation tank). During
infestation, water circulation in the tank was stopped
and the level was kept at approximately 10 cm for
30 min. The oxygen content was continuously moni-
tored and regulated during the process. After infesta-
tion, the water circulation was re-established in the
tanks, where the fish could recover for 12 h prior to
release. To reduce the risk of a potential handling
effect impacting our results, the control group re -
ceived a parallel sham infestation following the same
procedure as infested fish in a separate tank. After
recovery, all control and infested fish were released
in the middle part of the fjord (Fig. 1).
To evaluate the success of the artificial lice infesta-
tion, additional 30 post-smolts (FL: 151 ± 18 mm;
range 119−196 mm) were used as laboratory refer-
ence groups. These were not tagged with acoustic
transmitters. Half of them were infested with lice
together with the infested fish which were released,
as described above. After infestation, both infested
and non-infested reference groups were transported
by boat in a tank with 2 compartments to the nearby
research facilities in Flødevigen, where they were
placed in 2 separate tanks (1 per group). After 1 wk,
their lice levels were recorded.
2.4.  Fish tracking
The movements of tagged fish were monitored
from release (25 May 2017) to the end of the study (29
October 2017) through an array of receivers (Vemco
VR2W, which recorded depth, ID and the time when
tags were within receiver range) covering the study
area both in the fjord and in the transition areas.
Range tests indicated an optimal detection range of
up to at least 150−200 m (85% of the signals were still
recorded at this distance). Based on this, we de -
signed a hydrophone array consisting of 66 receivers,
of which 55 were placed in sea water and 11 in the
transition area (Fig. 1). Migration out of the fjord was
monitored by a double array of receivers at the fjord
mouth, enabling recording of the movement direc-
tion of the fish in this area.
Movements of fish in the river were detected using
2 swim-through PIT-antennas located 150 m up -
stream of the river mouth (Haraldstad et al. 2017). At
this location, the river is 9 m wide and 0.9 m deep.
The 2 antennas were installed 2.5 m apart and wired
to 2 remote tuner boards, one for each antenna. The
tuner boards were connected to an antenna reader
box (TIRIS RI-CTL MB2A; Oregon RFID) and sup-
plied with a 12V battery. When a tagged fish passed
through the antenna loop, the PIT-tag number, an -
tenna number, date and time were recorded and
logged by the reader box.
2.5.  Fish fate assessment
Individual fish fates were assessed by examination
of individual detection plots. Based on their vertical
profile and horizontal movements, the fish were clas-
sified as:
(1) Dead, when the vertical profile indicated that a
tag became stationary. When a diving pattern incon-
sistent with trout vertical swimming behaviour was
observed prior to the tag becoming stationary, the
fish was considered to have been eaten by a predator
(see Fig. S1 in the Supplement at www. int-res. com/
articles/ suppl/ m635 p151 _ supp .pdf). The final indi-
vidual trout record was defined as the last transmitter
detection before the tag became stationary or before
the predation event. Transmitter detections after this
time were removed before further analyses.
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(2) Returned, for fish swimming into the transition
area and/or the river (hereafter referred to as fresh
water) and remaining there for the rest of the study
(i.e. never observed in the main fjord again). Returns
before 1 August 2017 were further categorized as
early returns, as less than 25% of first-time migrants
return to the river Storelva before that date (Harald-
stad & Güttrup 2015).
(3) Migrated, when last detections occurred in the
outer double receiver array in an outwards direction.
(4) Alive at sea, for fish detected alive in the main
fjord by 1 October 2017 unless another fate could be
assigned after that date. This date was chosen based
on the expected life span of the acoustic tags.
(5) Unknown, for fish disappearing inside the study
area before the end of the study and before the end
of the expected lifetime of the tag.
2.6.  Statistical analyses
All analyses were performed using the R software
version 3.6.0. The receivers recorded 2 166 380 de -
tections with IDs matching those from tagged trout,
and 1601 detections with IDs not corresponding to
any tagged fish (which were consequently discarded).
A single receiver accumulated 27% of these uniden-
tified detections. To filter out additional false detec-
tions with IDs matching those from fish tags, single
detections within a 24 h window were considered as
spurious and discarded. A more restrictive 2 h filter
was applied to the receiver with the most false detec-
tions. In total, 1242 spurious detections were re -
moved following this method. Finally, we examined
individual vertical and horizontal plots to detect and
remove remaining false detections, based on spatial
inconsistency.
Fish positions (1 h intervals) were estimated using
center-of-activity locations (Simpfendorfer et al. 2002).
The center-of-activity location for a given time inter-
val is the mean position of the hydrophones that
detected the animal at that time interval, weighted
by the number of times the animal was detected at
each hydrophone (Simpfendorfer et al. 2002). A mean
depth value was also associated with each center-of-
activity position, so that they consisted of a 3D position
with latitude, longitude and depth. In addition, we
cal culated sea-way distance to fresh water (i.e. to the
Nævestadfjord outlet) for each center-of-activity posi-
tion using the ‘Spatial Analyst’ package from ArcGIS.
Differences in mortality and return to fresh water
between control and infested fish were analysed
using Cox proportional hazard (Coxph) models, fitted
with the ‘survival’ package (Therneau 2014) in R. For
analysis of mortality, the fate/status of each individ-
ual fish was set as 1 (died) for fish having a vertical
profile indicating mortality, and as 0 (alive) for fish
for which mortality could not be identified. Fate time
(t) was specified as the number of days between tag-
ging and the observed fate and specified as right-
censored data. By using right-censored data, we
could use information on all fish, including fish that
migrated out of the study area, which were alive at
least until they left. For fish that died by fishing, the
fate was set as 0 and the fishing date was used as the
fate date. The following Coxph model was used to
model the hazard of death at time t, as a function of
group (control/ infested) and fish length (FL):
h(t)=h0(t)×e (β1Group + β2 Fish Length + β3 Group × Fish Length) (1)
where h(t) is the hazard of the event (death) at time t,
and h0(t) is the baseline hazard (i.e. the value of the
hazard when all exposure variables are equal to 0).
Power analysis using the function ‘ssizeCT’ from
the R library ‘powerSurvEpi’ (Qiu et al. 2012) was
used to assess the ability of the fitted Coxph model to
detect differences between infested and control fish
in this study. We performed scenario testing to esti-
mate the minimum sample size required to detect dif-
ferent hazard ratios (HR) under the premise of 3 fixed
parameters: power (i.e. power to detect the magni-
tude of the hazard ratio as small as that specified by
HR) = 0.8, alpha (i.e. type I error rate) = 0.05, and k
(ratio of participants in each group) = 1. In other
words, we calculated the minimum sample size
required to have an 80% probability of detecting a
HR with a confidence of 95%, given the same num-
ber of fish in both groups, and using our own data to
estimate the remaining parameters such as the ex -
pected total number of events in each group.
In anticipation of power analysis indicating insuffi-
cient statistical power for the survival analysis, a sec-
ond Coxph model was specified including data from
both the current study (n = 143) and data from the
pilot study (n = 29; Serra-Llinares et al. 2018). Both
studies were performed in the same fjord in consecu-
tive years and are to a high degree comparable when
it comes to methods and study design. However,
there are some small differences that must be
accounted for when results from both studies are to
be combined. First, fish used in the pilot study were
caught at sea in mid-June and therefore (1) they
were slightly bigger (mean FL = 185 ± 18 mm) than
fish in the present study, (2) they could have spent
different amounts of time at sea prior to capture, and
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(3) initial mortality immediately after migration to
sea, when the fish are the smallest and thus most vul-
nerable to predation, was not properly captured in
the pilot study. Second, fish in the pilot study were
not completely lice free prior to tagging: 96% of the
fish were infested with 1 or more lice, with intensities
ranging from 2−42 lice fish−1. Thus, control fish in the
pilot study could arguably be affected to some
degree by the lice they carried, possibly obscuring
the differences between treatment groups. Last, arti-
ficial infestation in the pilot study resulted in more
moderate lice loads (estimated relative intensities
after artificial infestation between 0.24 and 0.74 lice
g−1 fish) compared to the present study, and thus dif-
ferences in survival between control and infested fish
can also be expected to be smaller. Based on all of the
above, and to account for potential differences be -
tween the 2 studies, Year was added as a covariate in
the model, which was finally expressed as:
h(t)=h0(t)×e (β1 Group + β2 Fish Length + β3 Group × Fish Length + β4 Year)
(2)
For analysis of return to fresh water, fate/status was
set to 1 (returned) for fish that returned to fresh water
and were never observed at sea again afterwards,
and to 0 (not returned) for fish having their last detec-
tion at sea. Fate time t of returned fish was set as the
number of days between tagging and fate date. Fate
time t for fish that did not return to fresh water was
defined by the last observation and specified as
right-censored data. Analysis of the Schoefeld re -
siduals showed that the effect of Group (control/
infested) shifted after approximately 60 d, showing a
time dependency. We therefore applied a stratified
analysis before and after this 60 d threshold (Period)
using the formula:
h(t)= h0 (t) × e (β1 Group + β2 Group × Strata (Period) + β3 Fish Length) (3)
Here, the term h(t) denotes the hazard of returning
to fresh water at time t.
Differences in distance to fresh water and depth
use during the marine migration (i.e. before final
return to fresh water) were investigated using mixed
models. Daily values (calculated as averages of hourly
positions) were used to avoid severe autocorrelation
in model residuals. Group (control/infested), fish
length (FL in mm) and their interaction term were
used as covariates in all models, while time of day
(day/ night) was additionally used for analysis of
swimming depths. For this, daytime was defined as
the time between sunrise and sunset using data from
the Astronomical Ap plications Department of the US
Naval Observatory (www.usno.navy.mil) for the
coordinates 58° 41’ N, 9° 07’ E. Night was defined
as the time between sunset and sunrise. Individual
daily mean swimming depths were calculated for
day and night separately. Fish ID was used as a ran-
dom effect in all models, as well as a correlation
structure (auto-regressive model of order 1) to
account for the temporal correlation be tween con-
secutive daily data from the same fish.
Distance to fresh water was first modelled using
the above described linear mixed model. Exploration
of the residuals showed a strong non-linear temporal
pattern for infested fish, and consequently week was
included as a smoother, which was allowed to differ
between experimental groups. The final generalised
additive mixed-effect model (GAMM) used was fit-
ted according to the formula (full model):
Distij = α + β1 Groupi + β2 Fish Lengthi + β3 Groupi
× Fish Lengthi + ƒ(Week_ Groupi) + IDi (4)
where Distij denotes the mean distance to fresh water
for individual i on day j, Groupi is the experimental
group (control or infested) of individual i, Fish Lengthi
is FL and ƒ(Week_Groupi) is the week-effect smoother
for the corresponding experimental group. IDi is the
random intercept, which is assumed to be normally
distributed with mean 0 and variance σ2.
For analysis of daily mean swimming depth, the
variable was first log-transformed in order to normal-
ize the residuals (prior to log-transformation, 0.2 m
was added to have all observations above 0; this was
subtracted when back-calculating model coeffi-
cients). Daily mean swimming depth showed a non-
linear temporal pattern, and therefore week was
included as a smoother, which was allowed to differ
between day and night. The final GAMM used was
fitted according to the formula (full model):
Log (Depthij + 0.2) = α + β1 Groupi + β2 Fish Lengthi + β3
Time Of Dayij + β4 Groupi × Fish Lengthi + β5 Groupi
× Time Of Dayij + ƒ(Week_ Time Of Dayij) + IDi (5)
The term Depthij denotes the mean depth of indi-
vidual i on day j, Groupi is the experimental group
(control or infested) of individual i, Fish Lengthi is FL
of individual i, Time Of Dayij denotes the time of the
day (day/night) of individual i on day j, and ƒ(Week_
Time Of Dayij) is the week-effect smoother for the
corresponding time of day. IDi is the random inter-
cept, which is assumed to be normally distributed
with mean 0 and variance σ2.
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Each global model (as specified above) was used
to generate a model set of all possible sub models,
using the function ‘dredge’ in the R package MuMIn
(Bartón 2007). Models were ranked by Akaike’s
information criterion corrected for small sample size
(AICc). The model with the lowest AICc value was
considered as ‘best fit’ and was used to estimate model
coefficients. Models with ΔAICc < 2 were considered
competing models. Com plete model selection tables
are presented in the Supplement (Tables S2–S5).
3.  RESULTS
3.1.  Artificial infestation
Examination of the laboratory reference groups
(Table 1) revealed significant differences in lice loads
between control and artificially infested fish. Control
fish (n = 14) showed a 78% prevalence (i.e. number
of fish carrying 1 or more lice divided by the number
of fish examined), indicating either that the fish had
time to get infested with lice during the short accli-
mation period at sea, or that there was a cross-infes-
tation between the 2 tank compartments during the
transport by boat to our lab facilities. However, mean
intensity (i.e. average number of lice on infested fish)
and mean relative intensity (i.e. average number of
lice per g of fish weight) remained low in this group
(mean ± SD intensity = 1.9 ± 1.3 lice fish−1; mean rel-
ative intensity = 0.05 ± 0.05 lice g−1). Prevalence in
the infested group (n = 16) was 100%, with a mean
intensity of 65.4 ± 30.6 lice fish−1 and a mean relative
intensity of 2.4 ± 0.9 lice g−1.
3.2.  Hydrography
According to model simulations, surface salinity in
Sandnesfjord was lowest in the inner part and
increased progressively towards the ocean (Fig. 2).
There was a surface layer of brackish water in the
inner fjord, with salinities remaining under 15 psu
during most of May and June whilst increasing to
above 20 psu in July. In the middle fjord, surface
salinity remained between 15 and 25 psu during May
and June and increased to 30 psu in July. Surface
salinity in the outer part of the fjord was between 25
and 30 psu from May to September. Surface temper-
ature was relatively homogeneous throughout the
whole length of the fjord and increased progressively
from 12°C on the release day to a maximum of 19°C
in late July (Fig. 2).
3.3.  Acoustic tracking and fate assessment
A total of 143 fish (70 control and 73 infested) pro-
vided depth and movement data (2 fish did not pro-
vide any data) (Table S1). A substantial proportion of
the individuals (approximately 60% in both groups)
moved towards the ocean within the first 2 wk after
release and were never observed again in the study
area (Fig. 3). We found that 35 fish visited fresh water
at least once during the study; of these, 18 individuals
(6 control and 12 infested) had the last detection in
fresh water and were therefore classified as returns.
Twelve of the returns (1 control and 11 infested)
returned before 1 August and were therefore classi-
fied as early returns. Among early returning fish from
the infested group, 6 (of 11) individuals remained in
the transition area at least until August 1st, 2 of which
were later detected migrating back to the river (the
remaining 4 individuals had the last detection as liv-
ing fish in the transition area); the remaining 5 indi-
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FL (mm) W (g) N lice Rel. int. 
Control 167 45 1 0.02
153 37 0 0.00
145 32 1 0.03
141 25 5 0.20
139 25 1 0.04
180 45 1 0.02
137 23 1 0.04
158 34 0 0.00
187 68 1 0.01
132 23 0 0.00
184 60 2 0.03
128 21 2 0.10
140 29 4 0.14
148 35 2 0.06
Infested 132 22 46 2.09
153 31 74 2.39
146 28 67 2.39
150 29 38 1.31
143 27 66 2.44
125 23 34 1.48
114 14 28 2.00
137 24 118 4.92
140 25 24 0.96
128 18 47 2.61
118 15 31 2.07
136 25 97 3.88
160 41 92 2.24
163 37 102 2.76
170 46 89 1.93
154 35 94 2.69
Table 1. Size and lice counts from sea trout in the reference
groups after artificial infestation. FL: fork length; W: weight;
N lice: number of lice; Rel. int: relative intensity of infestation 
(number of lice per g fish weight)
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viduals either died (4) or disappeared (1) shortly after
premature return to freshwater. A total of 19 individ-
uals, 7 control and 12 in fested, were classified as
dead. Eleven fish (9 control and 2 infested) were ob -
served alive at sea by 1 October. Nine fish (6 infested
and 3 control) were de tected at the first and closest
receiver outside Sand nesfjord, situated approximately
16 km (sea-way distance) from the innermost part of
the fjord. Another 6 fish (4 infested and 2 control) were
further detected at the most distant outer receiver,
situated another 9 km farther south along the coast.
All fish detected in the PIT antenna returning dur-
ing the first season at sea could also be positioned at
the river mouth through detections by the correspon-
ding acoustic receiver. The latest of these detections
were used for analysis. None of the fish that disap-
peared during the study period was
later de tected in the PIT antenna.
3.4.  Survival
None of the covariates tested had a
statistical effect on the mortality of the
fish in 2017 according to the ‘best fit’
model, which included only the inter-
cept (Table S2a). The top competing
model included the variable ‘group,’
and was practically indistinguishable
from the ‘best fit’ model (ΔAICc = 0.22).
This competing model showed higher,
albeit statistically non-significant, mor-
tality for lice-infested fish compared to
controls (Coxph, 0.70 ± 0.51 SE; hazard
ratio = 2.01, 95% CI = 0.74−5.46, z =
159
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1.37, p = 0.17; Figs. 4 & 5a). Power analysis revealed
that, given the structure of the data in this study, a
sample size of 362 fish (181 in each group) would be
needed to detect an HR between infested and control
fish of 2 (as suggested by our results) with an 80%
probability and a confidence of 95%. Furthermore,
our actual sample size (~70 fish per group) would
only be able to provide statistical significance given
an HR between in fested and control fish of 2.9 or
higher.
Survival analysis on the merged dataset (2016
and 2017 data) revealed a higher mortality risk for
lice- infested trout compared to control individuals
(Coxph, 1.00 ± 0.49 SE; hazard ratio = 2.73, 95%
2.73
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2.01
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 (n=84)
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 (n=73)
0.172
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# Events: 20; Global p-value (Log-Rank): 0.0319 
 AIC: 164.37; Concordance Index: 0.62
# Events: 17; Global p-value (Log-Rank): 0.16154 
 AIC: 133.74; Concordance Index: 0.59
a)
b)
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Fig. 5. Mortality hazard ratio between control (reference level) and artificially infested sea trout in (a) the present study (2017 data)
and (b) the merged dataset including data from the pilot study. Solid squares and error bars show estimates and 95% CI, respec-
tively (also noted under the corresponding symbols). Associated p-values are given as annotations on the right side of each graphic. 
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CI = 1.04−7.13, z = 2.04, p = 0.041; Fig. 5b). Competing
models included the effect of year on the mortality
hazard ratio between control and infested fish (Table
S2b) in the direction of a bigger (although not statis-
tically significant; p >0.05) difference be tween groups
in 2017. Neither the ‘best fit’ model nor competing
models included fish length as a covariate.
3.5.  Return to fresh water
Eighteen fish (6 control, 12 infested) returned to
fresh water. The timing of the returns was signifi-
cantly earlier for infested (18 ± 26 d after release)
than for control fish (100 ± 49 days; t-test, p = 0.003),
with 12 individuals (1 control and 11 in fested) return-
ing before 1 August. The ‘best fit’ model included
both fish length and the interaction group:strata
(period) (Table S3), both having a significant effect
on the probability of return. During the first 60 d of
the migration (period 1), infested fish had a higher
probability of returning to fresh water compared to
control fish of the same size (Coxph, 2.43 ± 1.05 SE;
hazard ratio = 11.33, 95% CI = 1.45−88.4, z = 2.32, p =
0.021; Figs. 6 & 7). After 60 d (period 2), the return
probability for infested fish decreased until becom-
ing lower, although not statistically significant, than
that of their control counterparts (Coxph, −1.16 ±
1.12 SE; hazard ratio = 0.31, 95% CI = 0.03−2.84, z =
1.03, p = 0.30; Figs. 6 & 7). In general (both periods),
bigger fish had a higher probability of returning to
fresh water (Coxph, 0.03 ± 0.02 SE; hazard ratio =
1.04, 95% CI = 1.01−1.07, z = 2.31, p = 0.021).
3.6.  Distance to fresh water
Lice-infested trout remained closer to the estuary
compared to control fish while at sea (i.e. before
they eventually terminated their sea migration and
moved back to fresh water or into the transition area)
(Table 2). This difference was especially noticeable
after the first 3 wk post release and re mained a con-
sistent pattern for the rest of the study period (Fig. 8).
There was a significant interaction between group
and fish length, with fish length having a small posi-
tive effect for control fish and a stronger and negative
effect for infested fish. The average distance to fresh
water for a control fish of average size (FL = 180 mm)
was approximately 6 km, with smaller fish staying
slightly closer (approximately 80 m for each 1 cm
increase in body length). For an infested fish of the
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same size, the corresponding distance was estimated
at approximately 2.5 km, with larger fish remaining
closer than smaller fish (approximately 565 m closer
for each 1 cm increase in body length). The model ex -
plained 46% of the variance. All candidate models
evaluated are shown in Table S4.
3.7.  Depth use
Trout resided close to the surface during the
whole marine migration, with more than 98% of all
detections recorded at depths shallower than 3 m.
Only 8 fish (6%) were detected performing 1 or
more dives >15 m during the whole study. Mean
swimming depth during the whole marine migration
was 0.78 m (range of means for individuals:
0.04−2.54 m), with individuals staying shallower at
night than during the day (mean swimming depths
were 1.01 and 0.55 m for day and night time, respec-
tively). Infested fish tended to swim slightly shal-
lower (approximately 15 cm) than control fish during
the day, whilst both groups occupied approximately
the same depth at night (Table 2, Fig. 9). Fish size
also had an effect on swimming depth, with bigger
fish swimming slightly deeper than smaller fish
(approximately 7 cm deeper for each 1 cm in -
crease in fish length) independently of lice infesta-
tion. All candidate models evaluated are shown in
Table S5.
4.  DISCUSSION
In this study, we documented parasite- induced
mortality and sig nificant behavioural changes in
trout post-smolts as a consequence
of a heavy lice infestation. The lice
levels artificially im posed on experi-
mental fish in our study were esti-
mated at 65 lice fish−1 on average, or
a relative intensity of 2.4 lice g−1. This
is well above the expected mortality-
inducing threshold for trout, esti-
mated at 0.3 lice g−1 (see Taranger et
al. 2015), and in dividuals carrying
such high lice loads represent only a
small fraction (between 4 and 5%)
of all trout sampled in the Norwegian
Salmon Lice Surveillance Program
(R. Nilsen pers. obs.). However, in
some areas with intensive fish farm-
ing, the percentage of fish carrying
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Estimate SE t p(>|t |)
Distance to fresh water
(Intercept) 4781.07 2414.21 1.980 0.048*
Fish length 8.08 13.46 0.600 0.548
Group (infested) 7481.47 3306.21 2.263 0.024*
Fish length: Group (infested) −56.51 18.30 −3.088 0.002*
Log (Swimming depth + 0.2)
(Intercept) −0.746 0.331 −2.256 0.024*
Fish length 0.005 0.002 3.010 0.003*
Group (infested) −0.134 0.052 −2.576 0.011*
Time of day (night) −0.656 0.011 −59.809 0.000*
Group (infested): Time of day (night) 0.122 0.019 6.510 0.000*
Table 2. Results from generalised additive mixed-effects models (GAMMs) for
distance to fresh water and swimming depth, modelled as a function of fish
length (fork length in mm), group (control/infested) and time of day (day/night;
included only in the analysis of swimming depth). *Significant values (p < 0.05)
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>65 lice (or relative intensities >2 lice g−1) has occa-
sionally been registered to be as high as 70% of all
fish sampled (R. Nilsen pers. obs.). Thus, lice loads
such as that in this study may be extreme and re -
present perhaps only a ‘worst-case’ situation, but
they are not implausible under the current scenario
in Norway.
4.1.  Role of lice in post-smolt mortality
Dead and moribund trout observed in estuaries
have been linked to lice infestations (Tully et al.
1993a,b, Birkeland 1996), but proof of a causal rela-
tionship remains elusive (Thorstad et al. 2015). Direct
observation of mortality in free-ranging fish at sea is
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difficult, and studies are often limited by low num-
bers of returning individuals and large natural varia-
tion in mortality. In this study, we document a higher
mortality of lice-infested trout post-smolts compared
to non-infested control individuals, with an estimated
HR of 2.7 (95% CI = 1.04−7.13). In other words, the
probability of a trout post-smolt to survive the first
summer at sea was reduced by almost two-thirds
when infested with a heavy lice load. These results are
in agreement with Skaala et al. (2014), who showed
that the survival of sea trout protected against lice
was nearly doubled compared to non-treated fish, in
a large-scale field experiment involving PIT-tagging
of 2000 fish over 2 yr in a fjord with intensive salmon
farming in Norway. To our knowledge, this is the
only other study showing the impact of lice on the
survival of wild sea trout in their natural environ-
ment. Other studies have not found a correlation be -
tween prophylactic treatment and marine survival of
trout post-smolts, but these are (as stated by the
authors of those studies) likely constrained by meth -
odological caveats and low statistical power (Gjel-
land et al. 2014, Halttunen et al. 2018).
4.2.  Salmon lice as a causal agent for
premature return
In addition to an increase in mortality for lice-
infested individuals, lice infestation triggered the
almost immediate return of the fish to fresh water in
our study. Most of the infested fish that did not rap-
idly disperse from the study area actively sought
fresh or brackish waters within the first few days post
release. Of these, almost half were never detected
again at sea, having spent on average only 18 d feed-
ing in the marine environment. Given a water tem-
perature of around 12−13°C during that period, the
attached copepodites had presumably reached the
preadult stage around that time (Stien et al. 2005).
Premature return to fresh water of lice-infested trout
has been previously documented in Ireland, Scotland
and Norway (Tully et al. 1993a, Birkeland & Jakob-
sen 1997, Pert et al. 2009). This return to fresh water
is suggested to allow the fish to delouse and regain
osmotic balance in order to survive the infestation
(Birkeland & Jakobsen 1997, Bjørn et al. 2001). Even
though preadult and adult lice are the most detri-
mental stages for the host fish (Bjørn & Finstad 1998),
heavy infestations with copepodites and chalimus
stages can also cause skin damage and hydromineral
imbalance and can trigger a stress response in trout
(Bjørn & Finstad 1997, Poole et al. 2000, Bjørn et al.
2001). Thus, heavily infested individuals may return
to fresh water even before the offset of severe lice-
induced physiological effects. Additionally, larger
fish had a higher probability than smaller fish of
returning to fresh water in both groups throughout
our study. Higher return rates for larger trout post-
smolts can be expected due to size-dependent mor-
tality (Thorstad et al. 2015, 2016, Flaten et al. 2016).
According to results from our survival analysis, the
effect of fish size on the probability of return to fresh
water cannot be attributed to size-dependent mortal-
ity, since no effect of fish size was detected on the
probability of surviving the sea journey. However,
this could be an artifact of low statistical power com-
bined with large inter-individual variability.
4.3.  Other behavioural adaptations to lice
infestation
Of the 11 lice-infested fish that returned prema-
turely to fresh water in our study, 7 remained in the
transition area for the rest of the migration. This is
likely because the costs of ionic regulation are lower
in brackish water than in both fresh and sea water
(Rao 1968, Otto 1971, Brett & Groves 1979). Lice-
infested individuals that did not prematurely return
to fresh water spent most of the feeding migration in
the innermost part of the fjord, characterized by lower
surface salinities and shorter distance to the native
river. Unlike lice-infested individuals, most control
fish exploited the feeding grounds in the outer fjord
and spent on average 100 d feeding at sea before
returning to fresh water.
The vertical profiles of the trout movements showed
a strong preference for the upper 3 m of the water col-
umn. Average swimming depths were slightly shal-
lower at night than in the daytime, indicating small-
scale diel vertical movements. These results agree
with other studies investigating the behaviour of wild
trout in the marine environment (Lyse et al. 1998,
Eldøy et al. 2017, Kristensen et al. 2018). However,
most of these studies have focused on veteran mi-
grants, mainly due to technological constraints such
as tag size for telemetry studies. Thus, our findings
provide a new insight into the behaviour and habitat
use of trout post-smolts during their sea journey. Lice-
infested fish resided slightly closer to the surface com-
pared to control fish during daytime in our study.
Lice-infested trout have been previously reported
to swim closer to the surface (Gjelland et al. 2014,
A. Mohn unpublished data). Because the upper water
layers are typically more influenced by rivers and
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other freshwater sources, this can be seen as a behav-
ioural adaptation to counteract the osmoregulatory
problems derived from the parasitic infestation. All in
all, it seems likely that lice-infested individuals in our
study were seeking fresh and brackish water by ad-
justing both their horizontal and vertical use of the
fjord.
4.4.  Indirect and delayed impacts
Growth in the sea is generally better than in fresh
water (L’Abee-Lund et al. 1989, Jonsson & L’Abée
Lund 1993, Frier 1994), and growth is positively cor-
related with the duration of the sea sojourn (Berg &
Jonsson 1990). Thus, an abrupt interruption of the
feeding migration after just a few weeks at sea, as
reported in this study, may result in a significant loss
of feeding and growth opportunities. Birkeland
(1996) observed prematurely returned, lice-infested
trout re-entering the sea after a median stay of 38 d in
fresh water. By that time, they had lost 23.5% of their
body mass. Similarly, Fjørtoft et al. (2014) calculated
a 20−40% reduction in summer growth in the Etne
River, western Norway, during a period of intensive
farming, and sug gested lice as a possible cause. In
Ireland, proximity to salmon aquaculture and associ-
ated louse infestation pressure have been demon-
strated to reduce weight in wild trout post-smolts by
up to 9 g (at an average length of 18 cm), thus re -
ducing Fulton’s condition factor by ca. 0.15 (Shep-
hard et al. 2016). Reduced summer growth may addi-
tionally reduce the probability of surviving through
the following winter, since individuals that have not
attained a critical size or sufficient energy stores may
be unable to meet minimum metabolic requirements
during winter and die (Jensen et al. 2018). Also, as
fecundity increases with body size (Jonsson 1985,
L’Abée Lund & Hindar 1990) and age at first maturity
is influenced by growth rate at sea (L’Abée-Lund
1994, Vollset et al. 2014), reduced growth and energy
reserves as a result of louse in festation may reduce
fecundity and reproductive success.
4.5.  Consequences for populations
It has been suggested that an increase in marine
mortality and a reduction in sea growth due to lice
or other factors affecting trout in the marine en -
vironment can result in a population shift in life-
history strategy (Thorstad et al. 2015). Gargan et al.
(2016) showed significant changes in quantitative
life- history traits in the trout population in the Erriff
River, western Ireland, after the establishment of
salmon farming in the local estuary. These changes
included a reduction in the number and size of trout
kelts, the estimated number of eggs deposited, the
sea trout rod catch, the proportion of older (1+ and 2+
sea age) fish and the frequency of repeat spawners.
Similarly, Butler & Walker (2006) recorded a collapse
in sea trout rod catch in the River Ewe/Loch Maree
system, Scotland, in 1988. This collapse was related
to an apparently unprecedented reduction in marine
growth and survival, changes that were at least
partly attributable to lice epizootics from nearby
salmon farms. Reduced marine survival and growth
as a result of lice epizootics may also shift the balance
between costs and profits of the marine migration
and ultimately lead to a decrease in the frequency of
sea-run brown trout (Gargan et al. 2006).
4.6.  Concluding remarks
In summary, our study reports a reduced survival of
trout post-smolts as a direct consequence of a heavy
lice infestation, suggesting that in areas with high
lice infestation pressure, the number of trout post-
smolts surviving the first season at sea may be signifi-
cantly reduced. Furthermore, we document an altered
migration behaviour of lice-infested individuals, in -
cluding the abrupt interruption of the feeding migra-
tion after just a few weeks at sea. This interruption
could result in a significant loss of feeding and growth
opportunities for migrating fish, further affecting
later survival and fecundity and ultimately having a
potential impact at the population level. Despite trout
being a culturally, socially and economically impor-
tant species in Norway and elsewhere, there are still
important knowledge gaps on its population biology
and potential responses to parasites. This is partly
explained by a complex and flexible life history with
a wide range of strategies within and between popu-
lations. Notwithstanding the challenges, this informa-
tion is urgently needed. Salmon lice epizootics are cur-
rently regarded as a major threat for wild salmonids
in Norway (Costello 2009, Taranger et al. 2015, Forseth
et al. 2017) and other salmon-producing countries,
and robust scientific knowledge on the impact of lice
on individuals and populations is key to the imple-
mentation of sound conservation strategies.
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